Rapidly proliferating tumors attempt to meet the demands for nucleotide biosynthesis by upregulating folate pathways that provide the building blocks for pyrimidine and purine biosynthesis. In particular, the key role of mitochondrial folate enzymes in providing formate for de novo purine synthesis and for providing the one-carbon moiety for thymidylate synthesis has been recognized in recent studies. We have shown a significant correlation between the upregulation of the mitochondrial folate enzymes, high proliferation rates, and sensitivity to the folate antagonist methotrexate (MTX). Burkitt lymphoma and diffuse large-cell lymphoma tumor specimens have the highest levels of mitochondrial folate enzyme expression and are known to be sensitive to treatment with MTX. A key enzyme upregulated in rapidly proliferating tumors but not in normal adult cells is the mitochondrial enzyme methylenetetrahydrofolate dehydrogenase (MTHFD2). This perspective outlines the rationale for specific targeting of MTHFD2 and compares known and generated crystal structures of MTHFD2 and closely related enzymes as a molecular basis for developing therapeutic agents against MTHFD2. Importantly, the development of selective inhibitors of mitochondrial methylenetetrahydrofolate dehydrogenase is expected to have substantial activity, and this perspective supports the investigation and development of MTHFD2 inhibitors for anticancer therapy.
Introduction
In 1960, Scrimgeour and Huennekens (1) reported that, in contrast with cytoplasmic methylenetetrahydrofolate dehydrogenase (MTHFD1), which uses NADP as the coenzyme, ascites tumors contained a NAD-dependent methylenetetrahydrofolate dehydrogenase, MTHFD2. This observation went unnoticed until 1985, when Mejia and McKenzie (2) found that MTHFD2 was also expressed in embryonic liver, and not in adult tissues. This enzyme had both methylenetetrahydrofolate dehydrogenase and cyclohydrolase activity and was different from the cytoplasmic enzyme (MTHFDl), which requires NADP as a cofactor and is trifunctional, also containing cyclohydrolase and formyltetrahydrofolate synthetase activity ( Fig. 1A; ref. 3). Patel and colleagues (4) then showed that this MTHFD2 was located in the mitochondria and, unlike MTHFD1, was highly expressed in embryos and decreased in activity as the embryos matured. The importance of this activity in embryos was shown by knocking out this gene (nmdmc) in mice. The homozygous gene knockout mice died in utero after day 12. Heterozygous mice were healthy, but were smaller and had pale livers, and the only abnormality detected was a reduced number of nucleated cells in the liver. However, there were no differences in the frequencies of hematopoietic precursors.
These authors postulated that "the NAD (rather than NADP) dependent dehydrogenase activity" is required to promote "a more thermodynamically favorable pathway to balance the pools of 10-formyl-THF during development" (5) . The generation of one-carbon units by mitochondria in embryonic mammalian fibroblasts lacking MTHFD2 was completely blocked, and importantly, the cytoplasmic folate enzymes could not synthesize sufficient purines to allow cell growth. These MTHFD2-deficient fibroblasts were found to be glycine auxotrophs, suggested to be a consequence of the accumulation of the MTHFD2 substrate 5, 10-methylenetetrahydrofolate. The accumulation of methylenetetrahydrofolate inhibits serine hydroxymethyltransferase (SHMT2) and therefore blocks glycine generation. Thus, both glycine generation and an inability to regenerate THF would be common properties of cells with MTHFD2 deficiency (4) .
MTHFD2, shown to be overexpressed in rapidly proliferating malignant tumors, was postulated to be the "main switch" that enables mitochondria to produce additional one-carbon units for purine synthesis to enable rapid growth (6) , and, as recently recognized, generates NADH necessary for protection from reactive oxygen species and macromolecular synthesis (7) . In contrast, to MTHFD2, the NADP-dependent cytoplasmic trifunctional enzyme, MTHFD1, generates NADPH as well as formate, for purine biosynthesis (Fig. 1B and C that mitochondrial rather than cytoplasmic folate enzymes generate most of the formate used for purine synthesis via the mitochondrial enzyme MTHFD1L, which only has formyl THF synthetase activity (8) . The mitochondrial counterpart of MTHFD2 has now been identified as MTHFD2L. This enzyme uses NADP as a cofactor and, unlike MTHFD2, is expressed at low levels in early mouse embryos, increases by day 10.5, and is found in all adult tissues, with highest levels in lung and brain (9) and is likely a housekeeping enzyme.
MTHFD2 as a Target for Drug Development
In a study of mRNA profiles spanning 19 cancer types, Nisson and colleagues (10) showed that the mitochondrial folate pathway and in particular MTHFD2 mRNA and protein expression is elevated in highly proliferating cancers. What makes MTHFD2 a novel target for drug development is its high expression in rapidly proliferating tumors and its restricted expression in adult differentiated and proliferating tissues (2) . As it has a redundant function to the cytoplasmic NADP-dependent trifunctional cytoplasmic enzyme (MTHFD1), as well as the bifunctional mitochondrial enzyme MTHFD2L, the question arises as to the role MTHFD2 plays in cell metabolism. MTHFD2 may supply the increased demand in rapidly proliferating cells for formate and ATP generation (11) . Knockdown of this enzyme led to inhibition of most tumor cell lines, providing the rationale for inhibitor development (10) .
In a recent study of KRAS mutant non-small cell lung cancer cells, there was a correlation between expression of MTHFD2 and response to pemetrexed, a potent thymidylate synthase inhibitor (12) . Kras mutant-related metabolic genes were identified as transcriptional targets of c-Myc, the transcription factor that we have suggested may regulate mitochondrial folate enzyme transcription (11).
Fan and colleagues (7) used quantitative flux analysis to show that a major contribution to generation of NADPH is via oxidation of cytoplasmic methylenetetrahydrofolate to 10 formyl THF, and conversion of NADP to NADPH. Surprisingly, knockdown of MTHFD2 demonstrated that it also contributed to NADPH production, as the enzyme primarily uses NAD rather than NADP as the coenzyme partner. Glycine is a source of one-carbon units via the glycine cleavage system, which is reported to be increased in lung cancer tumor-initiating cells (13) . The addition of glycine decreased the cellular NADP: NADPH ratio, indicating that at least in this cell line serine, not glycine, is essential for growth and NADPH production (13) . In fact, higher concentrations of glycine have been reported to inhibit proliferation, proposed to be due to the utilization of one-carbon units needed to synthesize serine from glycine, creating a one-carbon deficiency (14) .
In recent studies (11, 15) , increased activity of the serine biosynthesis pathway, one-carbon metabolism, and the glycine cleavage system (SOG pathway) was examined in a subset of tumors, and was found to be upregulated in tumors in breast and prostate tumors with poor prognosis and was correlated with increased sensitivity to antifolate inhibitors methotrexate and pemetrexed (11) . In tumors with high rates of proliferation, the SOG pathway contributed to increased ATP synthesis, which is necessary for de novo purine synthesis. As shown in lymphoma and other tumor subtypes, expression of genes in the SOG pathway showed increased levels of mitochondrial folate enzymes, including MTHFD2.
MTHFD2 Structure and Characteristics for Rational Drug Design
Given the importance of MTHFD2 for cell survival and proliferation, this enzyme could represent a possible target for antineoplastic agents. Accordingly, we have looked into existing structures for strategies to rationally target MTHFD2 selectively. As both the cofactors NAD/NADP and the substrate MTHF are required for enzyme activity, competitive inhibitors based on either the cofactor or the substrate molecules can be considered for drug design/development.
Several structural studies (mainly X-ray crystallography) of the three methylenetetrahydrofolate dehydrogenase enzymes have been reported in past years. Cygler and colleagues (16, 18) have published several structures based on DC301, the human cytoplasmic trifunctional enzyme with the isolated bifunctional methylenetetrahydrofolate dehydrogenase/cyclohydrolase domain crystalized. The crystal structure of DC301 (MTHFD1) in complex with an inhibitor (LY345899) based on the 5,10-methenyl-THF intermediate provides a nice illustration of the placement of substrate analogue relative to the cofactor (Fig. 2A) .
The bifunctional mitochondrial MTHFD enzymes are known to be aggregate dimers (17, 18) . Note the additional stabilizing interaction of residue asparagine N189(B) of chain B with arginine R173 of chain A in the protein dimer (Fig. 2B) . Other key stabilizing interactions are noted between the two arginine residues (R173 and R198) with the phosphate of NADP. Schmidt and colleagues propose that lysine (K56) plays a role in the proton transfer reaction in the conversion of the hydroxymethyl intermediate to 10-formyl tetrahydrofolate (see Fig. 1 ). The authors additionally noted that mutations of K56 to residues that provide a free electron pair enhanced dehydrogenase activity and the K56R mutation abolished cyclohydrolase activity (18) .
In Fig. 2C is depicted the theoretical model of human MTHFD2 (1ZN4.pdb) dimer published by Mackenzie and colleagues (3). The arginine R166 in chain A is stabilized by aspartate D190 (B) of chain B of the dimer. The phosphate ion (P i ) is stabilized by Figure 1 . A, reactions catalyzed by the dehydrogenase and cyclohydrolase activities of MTHFD enzymes. B, the cytoplasmic and mitochondrial folate pathway in slowly proliferating (normal) cells. C, the cytoplasmic and mitochondrial folate pathway modifications found in rapidly proliferating (transformed) cells. In the cytoplasm, reactions 1, 2, and 3 are carried out by the trifunctional enzyme MTHFD1 (methylenetetrahydrofolate dehydrogenase, methenyltetrahydrofolate cyclohydrolase, and formyltetrahydrofolate synthetase activities). In the mitochondria, reaction 1m is catalyzed by monofunctional MTHFD1L (formyltetrahydrofolate synthetase activity). Reactions 2m and 3m are catalyzed by bifunctional NAD-dependent MTHFD2 or bifunctional NADP-dependent MTHFD2L (methylenetetrahydrofolate dehydrogenase, methenyltetrahydrofolate cyclohydrolase activities). The interconversion of serine and glycine and the entry of one-carbon units into the pathway (reactions 4 and 4m) are catalyzed by serine hydroxymethyltranferase 1 and 2, respectively. Reaction 5 depicts the glycine cleavage system. THF, tetrahydrofolate; CH2-THF, 5,10-methylenetetrahydrofolate; CH-THF, 5,10 methenyltetrahydrofolate; CHO-THF, 10-formyl tetrahydrofolate; CH3-THF, 5-methyl tetrahydrofolate.
Ã Folate is used here as a generic term; in plasma, the major form of folate is 5-methyl THF. arginine R166 and R198. The authors speculate that the role of Mg 2þ ion might be similar to that of arginine R198 in stabilization of the P i . Alternately, the authors pose the possibility that the Mg 2þ ion might coordinate with aspartate D133 (B) of the opposite chain of the dimer and P i . In the structure above, note the key tyrosine (Y49), lysine (K53) and aspartate (D120) in the MTHF binding site. In addition, MTHFD2 has an arginine (R243) in the MTHF binding site, which is a tyrosine residue in the MTHFD1 (not fully resolved in this crystal structure) and MTHFD2L enzymes.
To further search for structural similarities and differences between MTHFD enzymes, we built a homology model of human MTFHD2L (MTHFD2-Like, the mitochondrial enzyme) depicted in Fig. 2D using protein sequence accession Q9H903 and the high-resolution (R ¼ 1.5 Å) crystal structure of human cytosolic methylenetetrahydrofolate dehydrogenase/cyclohydrolase (DC301) (PDB: 1A4I.pdb) as the template (16) . We used the Modeller (v9.13) software package (19) (20) (21) to build the homology model via the single template approach. The MTHFD2L sequence has 41% sequence similarity with the structure template sequence. The finished Ramachandran plot analysis performed using the Procheck analysis tool (22) indicates that the homology model has 98.8% of residues in allowed regions of the plot. Like MTHFD2, the MTHFD2L enzyme is a bifunctional mitochondrial enzyme with dehydrogenase activity that can use either NAD or NADP as cofactor (23) . However, Appling and colleagues note that phosphate (P i ) and Mg 2þ ion are needed when using NAD as cofactor (23) . The enzyme is more commonly expressed in brain and lung tissue, but also occurs in all other tissues. An excellent sequence alignment comparing the MTHFD enzymes is illustrated by Bolusani and colleagues (24) .
The same arginine residues present in MTHFD2 (R166 and R198) are involved in stabilization of the NADP phosphate or the phosphate (P i ) when NAD is used with Mg 2þ ion playing a role. In addition, the two aspartate residues D190(B) and D133(B) (not shown in Fig. 2 ) are conserved as well. Therefore, MTHFD2L can stabilize Mg 2þ and P i when using NAD as cofactor via the same D133 residue in an aggregate dimer as Mackenzie had proposed for MTHFD2. The same three residues (Y49, K53, and D120) that play a role in substrate/inhibitor binding in MTHFD2 are also present in MTHFD2L (Fig. 2D) .
The structural alignment depicted in Fig. 3 was built using 1DIB.pdb, 1ZN4.pdb, and our MTHFD2L homology model. We used the STAMP method in the VMD Multi-Seq tool to prepare the alignment (25, 26) . Note the characteristic Rossman fold shared by these enzymes that makes up the cofactor binding site. The MTHFD2L homology model (purple in Fig. 3 ) reveals the two Illustrations were prepared using the VMD molecular graphics software package (27) .
loop regions that are not resolved in the crystal structure of MTHFD1 and left out of the homology model of MTHFD2. The secondary structure appears to be well conserved in these proteins.
Note the more open form of the MTHF binding site in the crystal structure of the MTHFD1 complex with LY34 (orange in Fig. 3) . The key aggregate dimer-mediated interactions occur at the NAD/ NADP cofactor binding region.
The conserved Rossman folds in the three enzymes make it unlikely that competitive inhibitors of NAD/NADP would have specificity. The close similarity of the MTHFD2 and the MTHFD2L enzymes may also make it difficult to find folate inhibitors that distinguish between these enzymes; however, inhibition of both the MTHFD2 and MTHFD2L mitochondrial reductases may have antitumor effects in rapidly replicating tumors without significant toxicity (3). One might also be able to take advantage of the single difference in residue position 243 of the MTHFD2/ 2L. In the MTHFD2 enzyme, this residue is a positively charged arginine residue, whereas in the MTHFD2L this residue is replaced with a neutral tyrosine residue.
Conclusions
The finding that the mitochondrial enzyme MTHFD2 is overexpressed in rapidly replicating tumor tissues and not in replicating normal tissues, and that knockdown studies have shown an antiproliferative effect, provides a strong rationale for finding inhibitors of this enzyme for selective cancer treatment (10) . While modeling studies indicate that selective inhibition of the MTHFD2 enzyme and not the MTHFD2L enzyme expressed in adult tissues may be difficult, targeting both enzymes may be of advantage, as more complete inhibition of mitochondrial purine synthesis may result. Additional studies are necessary to show the effect of knockdown or inhibition of the MTHFD2 enzyme on in vivo tumor growth, and the role of metabolites, i.e., serine and folates on augmenting or relieving inhibition, as well as combination therapy with antifolates or other therapies. 
